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Abstract 
We have carried out Kinetic Monte Carlo (KMC) simulations on the epitaxial growth of silicon (100)2×1 as a function of 
surface temperature (570-770 °C). The KMC algorithm including almost 130 reactions such as silane adsorption, SiHx 
decomposition and diffusion of adsorbed species supplies an exhaustive stochastic model reproducing the surface growth of 
silicon (100)2×1 during silane gas phase epitaxy. The model provides a good representation of experimental observations and 
theoretical knowledge. Model predictions of hydrogen coverage are in good agreement with experimental data.  
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1. Introduction 
 Silicon films for semiconductor applications with reproducible and uniform thickness, surface roughness and purity 
require well-controlled epitaxial growth. Thus understanding of the relevant reaction mechanisms as well as 
quantitative estimation of surface reaction rates are essential for designing and optimizing device manufacturing 
processes. Modeling and simulation at an atomic level may contribute insights in the growth process in order to 
understand the interaction of the single growth steps and to control device fabrication at the nanoscale.  
KMC methods are known being capable to describe surface growth with atomistic detail on experimentally relevant 
time and length scales [1]. An almost complete database of Arrhenius parameters is available to attempt kinetic Monte 
Carlo simulations of the growing surface. The data are based on numerous experimental observations and theoretical 
calculations. Also less detailed growth mechanisms are provided in the literature [2-5]. Some kinetic rate coefficients 
are unknown and difficult to estimate. 
Despite the comparably simple reconstruction of the Si(100) surface it shows a wide variety of phenomena and thus 
is an ideal model system for studying surface processes. Especially the interaction of the surface with hydrogen plays a 
significant role during silicon epitaxy as for instance during low-temperature epitaxy of silicon the surface 
morphology is controlled by the surface hydrogen coverage. Moreover hydrogen representing the simplest adsorbent 
on the silicon surface can serve as a model system for adsorbate interaction on semiconductor surfaces. 
This paper gives an overview about the surface growth processes during silane gas phase epitaxy and discusses the 
interaction of hydrogen with the surface.  
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In section 2 the kinetic Monte Carlo model used to simulate the silicon epitaxial growth is presented, in section 3 
kinetic growth processes are described while focusing on H diffusion and desorption. Finally, simulation results are 
shown and discussed. 
2. Monte Carlo Method 
The 3D KMC model has been described in detail elsewhere [6]. The simulated lattice consists of x times y sites 
with periodic boundary conditions in both directions, the hosting layer is determined by the z axis. The lattice 
explicitly takes into account the anisotropy of the silicon (100)2×1 surface reconstructed in dimer rows and the 
interaction of neighboring sites. The orientation of the dimer rows is fixed, rotating by 90° from layer to layer.   
In order to choose one reaction the reaction probability must be calculated from Arrhenius equations, kinetic 
parameters are taken from experimental and calculated literature data. For missing data first estimations are given. 
Silane is assumed to be the only gas-phase reactant on the surface, and coupling with the gas phase is carried out by 
silane partial pressure. As the formation of dimers is not subject to one energy barrier silicon and silicon monohydride 
dimers are always formed if they are in a suitable position. 
3. Kinetic Model 
3.1. Si(100) surfaces 
We have presented an extensive description of the surface elsewhere [6]. In order to minimize the energy of the 
Silicon (100) surface, the dangling bonds of neighboring atoms form dimers on the topmost layer of the crystal [7]. In 
doing so, the Si atoms move closer together while the length of the resulting dimer bond is of the order of the bulk 
bond length [8-10]. The energy gain associated with the dimer formation is about 1 eV per dimer [11]. The dimers are 
organized in dimer rows parallel to the [110] direction of the crystal [3, 12-16], leading to the Si(100)-2×1-
reconstruction.  
During silicon epitaxy, islands grow on the Si(100) surface producing monolayer steps with different orientations: 
SA steps run parallel to the dimer rows of the upper terrace, while SB steps run perpendicular to the dimer rows of the 
upper terrace [12, 15, 17-20]. The steps show different adatom trapping behavior [12] and thus play a different role 
during epitaxial growth. The mobility of SA adatoms is restricted compared to SB adatoms, so that SB steps are the 
preferential sites for the growing of new dimers [21, 22]. 
3.2. Surface reactions 
Because of the properties of the Si(100)2×1 surface reactions show highly anisotropic behavior. During silicon gas 
phase epitaxy with silane and hydrogen the film growth is mainly due to dissociative adsorption of silane (R1 with the 
number of bars beyond an atom representing the number of bonds to the surface) resulting in adsorbed silyl and 
hydrogen [23-25]. The adsorbed silyl is metastable and decomposes even under low surface temperatures rapidly into 
silylen and adsorbed hydrogen (R2) [20, 26-28]. The decomposition takes place through competitive channels with 
varying barriers leading to different configurations of SiH2 [12, 24, 29, 30], while the on-dimer- and the intra-row-
decomposition are energetically favoured to the inter-row- and in-dimer-decomposition [12, 29]. 
HHSi_2SiH 34 +⇔+  (R1) 
HHSi_2HSi 23 +⇔+  (R2) 
Reactions 1 and 2 lead to two surface dimers occupied with adsorbed silylen and hydrogen. Silylen is slightly 
more stable on the Si(100) surface than silyl but decomposes after a short lifetime as well [31, 32]. In function of the 
hydrogen coverage Silylen decomposes to silicon mono-hydride and adsorbed hydrogen (R3a) [20, 31, 33], silicon 
mono-hydride and molecular hydrogen (R3b) [20, 24, 31] or into Si and H2 (R3c). The final decomposition reaction is 
the H abstraction of two adjacent silicon monohydrides resulting in desorption of molecular hydrogen and crystalline 
silicon surface (R4), further discussed in the following section.
 
HHSi_HSi 2 +⇔+  (R3a) 
22 HHSi2HSi2 +⇔  (R3b) 
22 HSiHSi +⇔  (R3c) 
2HSi2HSi2 +⇔  (R4) 
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 Next to the decomposition of SiHx species the diffusion of SiH2, SiH, Si and H plays a major role during silicon 
epitaxy. The diffusion direction is divided in a fast and a slow direction, the fast direction being given by the 
orientation of the underlying dimer rows [34, 35]. The diffusion velocity of a solely silicon adatom on a dimer row is 
1,000 fold faster than perpendicular to a dimer row [36, 37]. Thus the adatoms diffuse rarely over a trench [37]. The 
bond strength of an adatom in trench position is so high that the diffusion out of this position is almost as slow as the 
diffusion in a trench [37]. 
Diffusion not only occurs in the plane but the adatoms can also migrate from one terrace to another. As the SB 
steps operate as adatom traps, adatoms from the upper terrace diffuse down the steps and cause dimer row growth 
together with the adatoms coming from the lower terrace [38-40]. Adatoms at SA steps diffuse along the steps until 
they meet another adatom and form a dimer, or they climb on the upper terrace [49, 63]. 
3.3. Interaction of the Si(100)2×1 surface with hydrogen 
As already mentioned the interaction of hydrogen with the Si(100)2×1 surface plays an important part during 
epitaxial growth of silicon films and has been a matter of intense experimental and theoretical investigations for more 
than half a century [38]. Even if hydrogen is the simplest possible adsorbate, lots of reactions with the Si(100) surface 
are still not fully understood. 
Due to its property to passivate semiconductor surface dangling bonds, hydrogen protects the surface from 
contaminants [38, 41]. Thus the defect density of Si(100)2×1:H surfaces compared to the bare Si(100)2×1 surface is 
much lower [38]. However, because of low desorption rates in the low temperature regime passivation causes low 
growth rates as the adsorption sites for the silicon precursor are occupied. Moreover, a hydrogen coverage of only 4 % 
causes a doubling of the effective activation energy for Si diffusion on the Si(100)2×1 surface [34].   
During UHV silane gas phase epitaxy hydrogen enters the surface through decomposition of silane and other SiHx 
species resulting in the monohydride Si(100)2×1:H surface [42, 43]. Hydrogen can also directly adsorbe on the surface 
if present in the gas phase [10, 44-47]. Adsorbed hydrogen diffuses on or desorbs from the surface, while diffusion is 
much faster than desorption [48].  
Diffusion is an activated process occurring above 500 K [49]. Diffusion takes place in the plane as well as off 
hydrogenated silicon dimers [50]. The planar diffusion mechanisms are outlined in Fig. 1. Diffusion shows strong 
anisotropic behavior [26, 51], with the intra-dimer and the intra-row diffusion being much faster than the inter-row 
diffusion [26, 51]. Even at temperatures between 600 and 700 K H-adatoms diffuse almost exclusively along a dimer-
row, at higher temperatures migrations across the rows are only occasionally observed [49, 52]. Adjacent hydrogen 
adatoms do not affect the diffusion behavior up to H-coverages about 1 monolayer ( 1ML) [51], except for paired H 
adatoms on the same dimer. In this case the diffusion of the 1st H atom shows an energy barrier of 1,98 ± 0,15 eV, 
while the barrier of the 2nd hydrogen only amounts to 1,69 eV [52]. The higher barrier the 1st atom has to overcome is 
based on the breaking of the ʌ-bond of the new dimer without regenerating the ʌ-bond of the initial dimer [52]. 
 
Table 1 shows the Arrhenius parameters of hydrogen diffusion on Si(100) found in the literature and used in the 
present model. Although widespread, the data show the lowest energy barrier for intra-dimer diffusion closely 
followed by inter-dimer diffusion. Especially the inter-row diffusion data are highly heterogeneous ranging from 1.8 
[53] to 3.1 [43] eV, probably due to different DFT functionals. In our model the Arrhenius prefactors amount to 
Fig. 1 : Diffusion  mechanisms of hydrogen on the Si(100)2×1 surface, (a) intra-dimer diffusion, (b) inter-dimer diffusion, and (c) inter-row 
diffusion. Open circles denote silicon monohydride while dark circles label silicon. Smaller atoms belong to lower layers. 
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2.8e15, 6.6e13 and 1.6e14 s-1 for inter-dimer, intra-dimer and inter row diffusion respectively. The corresponding 
energy barriers are 1.7, 1.6 and 2.7 eV respectively.   
Concerning the H diffusion off a dimer, calculated values from Bowler are used in our model [50] (table 1). Next to 
the hydrogen diffusion off a hydrogenated dimer we implemented a further diffusion reaction allowing hydrogen to 
diffuse from a silicon monohydride.  
Diffusion direction Method A (s-1)  EA (eV) source 
intra-dimer 
Monte Carlo simulations 6.60e13.0±0.6  1.6 ± 0.1 [51] 
DFT   1.3 [53] 
DFT   1.43 - 1.91 (1.73) [43] 
Estimation this work 6.6e13 0.64 1.6  
intra-row 
Monte Carlo simulations 2.80e15±0.5  1.7 ± 0.1 [51] 
STM 1.00e13  1.68 ± 0.15 [49] 
DFT   1.3 [53] 
DFT   1.82 - 2.38 (2.25) [43] 
DFT (șH little < 1ML) 1.40e11 0.662 1.88 
[2] 
DFT (șH = 0) 3.50e11 0.627 2.05 
STM & DFT (paired hydrogen, 1st atom) 1.00e13  1.98 
[52] 
STM & DFT (paired hydrogen, 2nd atom) 1.00e13  1.69 
Estimation this work 2.8e15 0.64 1.7  
inter-row 
Monte Carlo simulations 1.60e14±1.8  2.7 ± 0.3 [51] 
DFT   1.8 [53] 
DFT   2.47 - 3.12 (3.12) [43] 
DFT (șH little < 1ML) 9.5e10 0.680 1.99 
[2] 
DFT (șH = 0) 2.4e11 0.685 2.06 
Estimation this work 1.6e14 0.68 2.7  
off a dimer 
DFT (1st H atom of a hydrogenated dimer) 1.0e13  1.24 
[50] 
DFT (2nd H atom of a hydrogenated dimer) 1.0e13  1.14 
H atom off a silicon monohydride(a) 1.0e13(a)  1.24(a) 
 
 
The situation is more complicated for hydrogen desorption being a heterogeneous gas-surface reaction. Hydrogen 
desorption is active above 820 K [54], hydrogen desorbs via different mechanisms from the Si(100) surface: (i) 
desorption from vicinal monohydrides (intra-dimer- and inter-dimer desorption), (ii) desorption from a dihydride, (iii) 
desorption via diffusion of an H adatom to a monohydride defect, and (iv) desorption during silylen diffusion. 
Mechanisms (i) and (ii) are considered in the present model. In the following the monohydride desorption will be 
discussed in detail. The desorption from adjacent monohydrides can be divided in 4 different submechanisms: the 
prepairing (intra-dimer) desorption, as well as the 2H, 3H and 4H intra-row (inter-dimer) desorption outlined in fig. 2. 
The intra-dimer desorption leads to the reconstruction of the dimer ʌ bond leaving a clean Si(100)2×1 dimer on the 
surface where the adatoms for the growth of the next layer can be adsorbed [12, 20, 33, 38], while the inter-dimer 
desorption results in two bare silicon atoms from adjacent dimers within the same row. 
Hydrogen desorption from vicinal silicon mono-hydrides takes place under hydrogen coverage up to 1 ML. High 
degrees of coverage result in a first order reaction while lower coverage causes a reaction order between 1 and 2 [10, 
55, 56]. This is due to different mono-hydride desorption pathways with varying hydrogen coverage, namely the 
prepairing (intra-dimer) mechanism - showing first order reaction behaviour when șH  0,1 ML within a wide 
temperature range [38, 56-62] - and the inter-dimer-mechanism showing a higher reaction order increasing with 
decreasing hydrogen coverage [58, 63]. When asking whether the prepairing or the inter-dimer desorption is 
predominant, different answers are given according to research methods and authors sometimes attributing the lower 
Table 1 : Kinetic parameters of hydrogen diffusion on Si(100)2×1
60   Vivien Günther and Fabian Mauß /  Physics Procedia  40 ( 2013 )  56 – 64 
barrier to the prepairing [57] and sometimes to the inter-dimer [64] mechanism. This is reflected by the experimentally 
or theoretically determined Arrhenius parameters outlined in table 2. 
 
Desorption 
mechanism Method A (s
-1) n EA (eV) source 
prepairing 
DFT   2.06 [47] 
TPD 2e13  2.47 / 2.48 ± 0.1 [17, 59] 
DFT   2.5 [42] 
DFT   2.65 [65] 
DFT 2e13  2.35 [66] 
DFT   2.1 - 2.4 [57] 
DFT 1.5e12 0.44 2.9 [2] 
inter-dimer 
4H: TPD (low șH / high șH) (7.7 ± 4.1)e8 / 1.04e12  2.00 ± 0,05 / 1.6 ± 0,1 [56] 
2H: TPD (low șH / high șH) 1.61e13 ML-1 / 4 ± 3e11 ML-1  2.15 ± 0.27 / 1.8 ± 0.1 
DFT: 2H / 3H / 4H 3e12 / 7.76e12 / 2.03e12  2.53 / 2.58 / 2.41 [58] 
QMC: 2H / 4H   2.91 ± 0.09 / 2.84 ± 0.12 [45] 
DFT: 2H und 3H / 4H (low șH) 1e14  2.39 / 2.54 [66] 
DFT   2.5 - 2.7 [57] 
DFT: 2H / 3H / 4H 3.9e11 / 7.5e11 / 5.1e11 0.67 / 0.59 / 0.66 2.6 / 2.5 / 2.6 [2] 
prepairing and 
inter-dimer 
Kinetic modeling 8e11  2.08 [67] 
Kinetic modeling (2 - 4)e11  1.75 - 1.76 [68] 
TPD 9e(13 ± 1)  2.04 ± 0.6 [69] 
DFT   2.41 [47] 
LITD / TPD (5.5 ± 0.5)e15  2.52 ± 0.09 / 2.86 ± 0.17 [60] 
DFT (high șH)   2.48 [46] 
Threshold TPD / CAW(a) / kinetic 
modeling 
 (3 ± 4)e9 / (3 ± 6)e14 / 
(6 ± 4)e12  
2.16 ± 0.17/ 2.08 ± 0.04 / 
2.10 ± 0.04 [61] 
DFT   2.43 [70] 
 
Fig. 2 : Hydrogen desorption mechanisms from adjacent monohydrides, (a) prepairing desorption, (b), (c) and (d) 2H, 3H and 4H intra-row 
desorption respectively. Open circles denote silicon monohydride while dark circles label silicon. Smaller atoms belong to lower layers. 
Table 2 : Kinetic parameters of hydrogen desorption from adjacent monohydrides on Si(100)2×1. (a) Chan, Aris, and Weinberg method (CAW)
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4. Results and discussion 
 
 
Fig. 4 : Steady state hydrogen coverage șH in units of H atom per first layer Si atom during Si(100) growth. The Arrhenius parameters for the 
simulated data are shown in table 3. 
An example of a simulated surface is shown in Fig. 3. The simulated atomic composition clearly depicts typical 
dimer row growth during silicon (100) epitaxy. The KMC simulations are performed in order to capture the interaction 
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Fig. 3 : Example of a KMC simulated surface, with (a) 1st layer, and (b) 2nd layer. Dark filled circles show bulk silicon, while white filled circles 
show silicon adatoms. Pale grey closed and open circles show SiH and SiH2 respectively. Dark grey closed circles show silicon surface atoms with 
adsorbed SiHx adatoms. 
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kinetics of the Si(100)2×1 surface with hydrogen. As some of the kinetic parameters of the whole kinetic model are 
unknown und thus have to be estimated an influence on these reactions on the interaction of the surface with hydrogen 
cannot be precluded. For this reason we performed a simple sensitivity analysis. Three stes of rate coefficients have 
been investigated as presented in table 3. Calculation results for a silane partial pressure of pSi = 10-6 bar while 
increasing the growth temperature from 570 to 770 °C were compared with experimental results from Gates and 
coworkers [71]. The results are shown in Fig. 4.  
Case 3 reproduces at best the slope while the data points of case 1 are the closest to the experimental results. Both 
the prefactor and activation energy probably have to be further increased to get model results in better agreement with 
experimental ones especially for higher temperatures. Another explanation for the discrepancies between the simulated 
and measured results is a missing inter-row desorption mechanism in our current KMC model. In Fig. 3 some H 
adatoms are arranged in inter-row desorption position and thus could desorb especially when the growth temperature is 
high. The underestimated desorption rate at higher temperatures can also be explained by too slow diffusion of silicon 
monohydride adatoms on the surface, hence they do not meet to form new dimers and dimer rows to enable hydrogen 
to desorb via the prepairing or inter-dimer desorption mechanism. Clearly, a combination of accurate kinetic 
parameters and a good description of the surface chemistry for hydrogen desorption is critical in the modeling and 
simulation of the desorption process. 
 Desorption mechanism A (s-1) n EA (eV) 
Run1 
prepairing 5e15 0.44 2.5 
inter-dimer 1e14 0.64 2.4 
Run2 
prepairing 1e16 0 2.5 
inter-dimer 5e15 0 2.4 
Run3 
prepairing 5e14 0 2.5 
inter-dimer 5e14 0 2.5 
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